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Abstract—The RF fields present in magnetic resonance imag-
ing (MRI) scanners can induce hazardous heating in patients
wearing medical implants. The inherent design and locale of deep
brain stimulators (DBS) and spinal cord stimulators (SCS) make
them particularly susceptible. We apply antenna concepts and
use electromagnetic (EM) simulation to explain the phenomenon
and anticipate its sensitivity to lead wire length. We anticipate
that a DC resistance of less than 50Ω/m and an RF impedance
of more than 1.23kΩ/m would be required for a safe electrode
for SCS use. We investigate the possibility of manipulating wire
conductivity and diameter in order to use the skin depth effect
to achieve a safe electrode. The effect of the thickness and
permittivity of insulation surrounding the wires is explored.
I. INTRODUCTION
Around 14,000 Spinal Cord Stimulator (SCS) systems are
implanted in patients every year. Pacemakers and cochlear
implants represent a more mature technology with some 3-
million pacemakers and 300,000 cochlear implants in service
in the world today. The newest implant technology is Deep
Brain Stimulation (DBS), already approved for the treatment
of Parkinson’s disease, essential tremor, dystonia, epilepsy, and
Obsessive-Compulsive Disorder (OCD) [1]. The number of
implants can be expected to increase. Most of the patients
wearing these technologies are contraindicated for MRI scans.
Most scientists are aware of the strong static magnetic
field associated with an MRI machine. In actual fact, an MRI
machine presents a hazard through three mechanisms, the static
magnetic field; the low-frequency magnetic fields; and the
enormous RF field [2]. The RF field produced in the older-
generation 1.5 T MRI scanners has a frequency of 64 MHz,
whereas 3 T machines operate at 128 MHz. A typical scan
sequence can have RF pulses of up to 20 kW in power [3].
This can lead to significant heating of RF absorbers.
The International Commission on Non-Ionizing Radia-
tion Protection (ICNIRP) recommends localised temperatures
should remain below 38 ◦C in the head, 39 ◦C in the torso,
and 40 ◦C in the limbs [4]. In an MRI machine, the dielectric
heating of a patient is monitored by the Specific Absorption
Rate (SAR), the power absorption per unit mass of tissue. The
SAR is typically averaged over the whole-body, whole-head,
or 10 g of mass. There are claims in the literature that the
measure is too coarse for detecting the power absorption near
implants [5]. Highly concentrated electric fields near the small
implant electrode can go undetected, leading to a higher than
normal level of heating in this region.
Pacemakers are implanted close to the heart and have rel-
atively short lead wires. This is also true of cochlear implants.
SCS and DBS systems, on the other hand, have leads placed
in the epidural cavity of the spine or deep in the skull, while
the impulse generator and battery unit are normally placed
in the chest cavity. In these systems, leads can easily exceed
600 mm in length. The leads are typically made of platinum
wires running inside plastic polymer sheaths. Serious and fatal
experience has shown that the RF heating risk rises with these
longer leads [2], [5]. The MRI safety of implants has become
a global issue and sites such as Shellock [6] are consulted
throughout the world by MRI radiologists.
A spate of patents have appeared in the last decade sup-
posedly addressing the issue of providing an MRI-safe elec-
trode [3], [7]–[11]. Many seem to be conspicuously speculative
in nature. Only one product has appeared [12]. It is rated for
use only in 1.5T machines, and only with a restricted scanning
protocol. The original patent appeared in 2010 [13].
In this work, we use Finite Element Method (FEM) simu-
lation software to model the localised electric fields and tem-
perature changes at the distal electrode of an implant lead wire
as a function of length, in a 3 T MRI environment. We then
explore various techniques that aim to reduce the level of RF
heating. The first approach exploits the skin effect to maximise
the AC resistance at RF, while maintaining a sufficiently lower
resistance at the normal operational frequency of the neuro-
stimulator. The second approach involves selection of suitable
values for the insulation permittivity and thickness to reduce
the characteristic impedance of the implant lead wire at RF.
Verification of the improvements are provided by simulated
results.
II. SIMULATION MODELS
The model, implemented in both two and three dimensions;
is comprised of an insulated platinum wire (of variable length),
embedded within a conductive phantom, inside of an RF
antenna. The antenna operates at 128 MHz, the RF frequency
of a 3 T MRI machine. The three-dimensional model offers
a more accurate representation of the MRI birdcage and
rectangular phantom, and is used to assess the hazardous
heating phenomenon. When the highest accuracy is not of
critical importance, the computationally less demanding two-
dimensional axisymmetric model is used.
Fig. 1. Conductive phantom surrounded by a 16-rung RF birdcage antenna.
A spherical perfectly matched layer surrounds the antenna (not shown).
Fig. 2. The wire implant is comprised of a platinum conductor, 700 µm in
diameter, surrounded by polyurethane insulation. 6 mm of insulation is missing
from one end, representing the implant electrode.
A. Three-Dimensional Model
A list of the design parameters for the following compo-
nents can be found in the appendix.
1) RF Birdcage Antenna: Modeled as a 16-rung birdcage
antenna with a 0.6 m bore as shown in figure 1. The antenna
generates circularly polarised electromagnetic (EM) waves
with a free-space wavelength λ0 of 2.34 m. Each rung is
centre-driven by a sinusoidal signal1; differing by 22.5 ◦ in
phase between adjacent rungs, with a total phase variation of
360 ◦ around the circumference of the antenna. All outgoing
radiation is absorbed by a spherical perfectly matched layer
(PML) surrounding the antenna.
2) Phantom: The parameters for the headless phantom
model are set according to the ASTM F2182-11a international
test standard [15] with the exception of the length parameter,
which is doubled from 0.6 m to 1.2 m, to accommodate the
testing of longer length wires. Blood perfusion is optional.
3) Implant: Modeled as a 700 µm platinum wire with
polyurethane insulation as shown in figure 2. A small por-
tion of the insulation is missing from one end, to imitate a
distal electrode. A virtual cylindrical domain surrounding the
distal electrode provides an enclosed boundary for subsequent
1Practical birdcage antennas are typically fed between two points and re-
quire a multitude of tuning capacitors. For simulation purposes, simplification
can be achieved by feeding an appropriate signal phase to the centre of each
rung directly, eliminating the need for tuning capacitors [14].
Fig. 3. Magnified view of the two-dimensional axisymmetric wire implant
model with a virtual domain surrounding the distal electrode. The dashed lines
represent the rotational axis.
extraction of the peak temperature. The opposite end of the
wire is capped off with the polyurethane insulating material.
This is a simplified model of a more complex lead wire
composed of multiple conductors, electrodes, and dielectrics.
B. Two-Dimensional Axisymmetric Model
Simulation times are significantly reduced for two-
dimensional axisymmetric models (hours instead of days);
however, only rotationally symmetric ones can be constructed
in this space. A magnified view of the model showing the
distal electrode is in figure 3. The MRI antenna (not shown)
is simulated as a cylinder with a uniform current distribution.
The radius and length are set to the same values as used in the
three-dimensional model. Similarly, the phantom is modified
to be cylindrical, with a radius of 0.21 m and a length of 1.2 m.
The remaining relevant parameters are set to the same values
listed for the three-dimensional model in the appendix.
C. Simulation Settings
For the subsequent simulations, the background Specific
Absorption Rate2 (SAR) was calibrated to a relatively modest
level of 1 W/kg. The end time for temperature extraction
was set to t = 15 min, the typical scan-time for MRI. Initial
temperatures of the phantom and implant at t = 0 were 37 ◦C.
Simulations were performed using the COMSOL Multiphysics
4.4 commercial software package.
III. RESONANT LENGTH
An implanted lead wire acts as a dipole antenna when ex-
posed to the RF field from MRI. In this section, we explore the
resonance phenomenon for the simple case of an uninsulated
wire in a lossless medium, and then again for a lossy medium.
Insulation is then added to the wire to replicate an implant lead
wire and its effect is shown. The results are shown in terms
of the average (mean) of the electric field enclosed within the
virtual domain surrounding the distal end/electrode of the wire.
2The average SAR in the volume of the phantom, in the absence of the
implant. Note that a non-conductive medium (σP = 0) will not absorb RF
energy, and so the background SAR will consequently be zero. For the purpose
of simulations, we apply the same signal amplitude to the antenna as we do
for the lossy version.
Fig. 4. Average E-field at one end of a 700 µm diameter bare wire for various
lengths when the phantom is lossless (σ = 0).
A. Dipole Resonance
In a lossless medium (σ = 0), an ordinary dipole antenna
will resonate when excited by an RF field when its length is
approximately equal to an odd integer multiple of the half-
wavelength: 0.5λ, 1.5λ, 2.5λ, · · ·. The wavelength of an EM
wave in a lossless medium can be computed from
λ =
2pi
ω
√
µ
(1)
where ω is the angular frequency, and µ and  are the
permeability and permittivity of the medium, respectively.
If the medium is conductive, the wave will compress.
According to [16] the wavelength can be calculated from:
λ =
√
8pi2
ω2µ
·
[√
1 +
( σ
ω
)2
+ 1
]−1/2
(2)
Furthermore, the induced antenna currents are not confined
by the ends of the wire and are free to extend into the
medium [17]. The antenna is effectively lengthened by the
medium itself.
B. Lossless Phantom, Bare Wire
Suppose the phantom described in section II is the medium,
but with zero conductivity (σP = 0), such that it is lossless.
From equation 1, the wavelength inside of the phantom would
be λP0 = 0.26 m. A conductive wire within this region would
be expected to resonate strongly when the length meets the
aforementioned condition for resonance.
To verify this dipole antenna behavior, the two-dimensional
axisymmetric model was simulated but with σP = 0 and no
insulation on the platinum wire. The average electric field
surrounding one end of the wire was extracted as a function
of wire length. The location of the resonant frequencies
correspond to that of a dipole antenna as is shown in figure 4.
The average electric field in the space around the end of the
wire maximises at resonance, the point when the end-to-end
voltage on the dipole would be at maximum. Variation in
the magnitude of each resonant peak can be attributed to the
change in antenna impedance as the length is varied.
Fig. 5. Average E-field at one end of a 700 µm diameter bare wire for various
lengths when the phantom is lossy (σ = 0.47 S/m).
Fig. 6. Average E-field at the distal electrode of an insulated wire in a lossy
phantom (σ = 0.47 S/m). The insulation covering the 700 µm diameter wire
is 315 µm thick. The wire length is normalised to a wavelength of 0.59 m.
C. Lossy Phantom, Bare Wire
When the phantom has a finite conductivity of σ =
0.47 S/m, the international standard for MRI phantoms [15],
the wavelength will shorten to λP = 0.24 m, according to
equation 2. Simulation confirms a strong resonance at 0.41λP ,
just shy of the half-wavelength as is shown in figure 5.
Unlike the previous simulation where the phantom was non-
conductive, induced currents have now entered the phantom
from each end of the wire, changing its resonant behavior.
D. Lossy Phantom, Mostly-Insulated Wire
Simulation of the wire with insulation covering all but one
end (the distal electrode) was performed. The average electric
field near the distal electrode at various wire lengths is in
figure 6. The length is normalised to
λPn = 0.59 m
such that the first resonant peak occurs at 0.41λPn. Not only
has the insulation shifted the resonant frequency but it has also
increased the electric field intensity at the first resonant peak
threefold.
Fig. 7. The change in temperature ∆T near the distal electrode of the
insulated wire after 15 minutes of simulated scanning. The insulation covering
the 700 µm diameter wire is 315 µm thick. The length of the wire is normalised
to a wavelength of 0.59 m.
Fig. 8. The worst-case T (x, z) at the distal electrode after 15 minutes of
simulated scanning. The wire length was 0.41λPn and blood perfusion was
omitted. The initial temperature was 37 ◦C.
IV. RF HEATING
The change in temperature (T − 37 ◦C) at the distal elec-
trode of the insulated wire after 15 min of MRI scanning, was
simulated using the three-dimensional model from section II.
The result is shown in figure 7. The x-axis is normalised to
the wavelength of the electric field within the phantom, λPn.
The exclusion of blood perfusion from the model pro-
vides an approximation of a worst-case scenario. At 0.41λPn
(0.24 m), normal body temperature is exceeded by almost
32 ◦C, well over the 2 ◦C limit for SCS. The peak temperature
declines at longer wire lengths, similar to that of typical SCS
and DBS lead wires, however, still exceeds specifications. A
two-dimensional slice of the temperature T in the x-z plane
at y = 0 is shown in figure 8, for when the wire length is
0.41λPn.
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Fig. 9. The AC resistance of a conductive wire is a function of its radius
and resistivity.
The model with blood perfusion offers more realistic values
for temperature when there is sufficient blood flow around the
distal electrode. Nevertheless, even with this heat loss, the peak
temperatures reached are alarming. An implant comprising of
an insulated wire(s) similar to the one simulated here, should
be considered absolutely unsafe for MRI.
V. METHOD 1: INCREASE RAC
A reduction in the heating of the tissue near the distal
electrode could be achieved with the addition of a uniformly
distributed AC resistance into the implant wire. The resistance
would act to impede the flow of induced current (Ohm’s
law), leading to a reduction in power dissipation within the
surrounding tissue of the distal electrode.
The proposed method for increasing the AC resistance of
the wire is to select appropriate values for the radius rw and
resistivity ρw of the wire conductor such that the skin effect is
maximised (see figure 9). In this section, we first determine the
amount of AC resistance needed to reduce the heating to safe
levels. Next, we discuss the skin effect and present equations
for computing the AC resistance. Lastly, we determine values
for rw and ρw that will best reduce the heating effect.
A. Minimum RAC Needed
To approximate the level of resistance necessary in the
lead conductors of DBS and SCS systems, three-dimensional
simulations of a hollowed out version of the implant wire
were performed. The resistance was varied by controlling
the resistivity of the metal. To ensure current uniformity, the
resistivity was constrained to values such that the skin depth
exceeded the thickness of the metal by at least 10 times. The
AC resistance and the temperature change after 15 min as a
function of the metal resistivity is shown in figure 10.
With 2 ◦C being the maximum level of heating allowed
in the torso, it is apparent an SCS system would require
at least 1.23 kΩ/m of AC resistance. Similarly, a maximum
temperature change of 1 ◦C in the head, corresponds to a
minimum AC resistance of 2.22 kΩ/m in DBS lead wires.
Typically, neuro-stimulators are required to have no more than
50 Ω/m of DC resistance, such that the stimulation amplitude
levels and battery life are not impaired.
B. Skin Effect
The AC current density J in a wire decays exponentially
as a function of depth from the surface:
J = JSe
−d/δ (3)
Fig. 10. The change in temperature ∆T near the distal electrode after 15 min
of simulated scanning for a selected amount of uniform wire resistance. The
linearity between the resistance and resistivity confirms that the skin depth is
sufficiently larger than the metal thickness, such that the current is uniform.
where JS is the current density at the surface, d is the depth
from the surface, and δ is the skin depth. The skin depth is
defined as the point where the current density has fallen to
e−1 ≈ 37%. For highly conductive materials at RF, the skin
depth can be sufficiently approximated to
δ ≈
√
2ρ
ωµ
(4)
where ρ and µ are the resistivity and permeability of the
conductor, respectively [18].
C. Resistance
A solid wire with uniform cross-sectional area, composed
of a single homogenous material, has a resistance given by
Pouillet’s law:
R =
ρl
Aeff
(5)
where l is the length of the wire and Aeff is the effective cross-
sectional area of the wire. For a cylindrical wire at DC, the
current distribution is uniform and so Aeff = pir2, where r is
the radius of the wire. For AC, the current density is modified
by the skin effect, where Aeff ≈ 2pirδ for r  δ.
To estimate the AC resistance when the wire radius is in the
order of skin depths, a better approximation for the effective
area is needed. The Modified Lorentzian Method [19] is a more
accurate approximation even for conductors with radii much
less than the skin depth. The effective area is calculated from
Aeff = pi(2rδ′ − δ′2)(1 + y) (6)
where
δ′ = δ(1− e−r/δ)
y =
0.189774
(1 + 0.272481[z1.82938 − z−0.99457]2)1.0941
z =
0.62006r
δ
Fig. 11. The AC and DC resistance for a platinum wire over a range of radii.
The shaded region is where the DC resistance exceeds the 50 Ω/m limit.
Fig. 12. Relationship between the wire resistivity and radius for a constant
DC resistance of 50 Ω/m. The AC resistance is constant at 59.2 Ω/m over the
entire range. Labels are shown for Silver (Ag), Gold (Au), Platinum (Pt), and
Nichrome (Nicr).
With equations 5 and 6, the AC and DC resistance was
computed for a platinum wire (ρw = 1.06 × 10−7Ωm) over
a range of radii as shown in figure 11. Higher values of AC
resistance are evident when the radius is small. However, the
skin effect becomes less effective at smaller radii and the
difference between the AC and DC resistance approaches zero.
At the DC resistance limit of 50 Ω/m, the AC resistance is
59.2 Ω/m, with a radius of 26 µm. Through extrapolation of
the simulated results in figure 10, this level of AC resistance
will reduce ∆T to 27.6 ◦C at the worst-case length, an
improvement of 14%.
For mechanical reliability, the radius of the wire may need
to be larger than 26 µm. To achieve this without compromising
on the AC resistance, the resistivity of the wire must be
increased. The relationship between the radius and resistivity
for a DC resistance of 50 Ω/m is shown in figure 12. The AC
resistance is constant at 59.2 Ω/m over the entire range.
It is clear that at the specified RF frequency and DC
resistance, the skin effect alone will not generate enough AC
resistance to reduce heating to safe levels.
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Fig. 13. The electric field and the heating at the distal electrode is a function
of the insulation’s (a) permittivity (b) and thickness.
VI. METHOD 2: TUNE WIRE INSULATION PARAMETERS
In section III, the insulation on the wire was shown to
have an effect on the intensity of the electric field at the distal
electrode. In this section we liken the implant lead wire to an
RF transmission line and assess the electric field and heating
of the distal electrode when the insulation’s permittivity in
figure 13(a) and thickness in figure 13(b) is varied.
Neglecting series resistance and shunt conductance, the
characteristic impedance of a uniform coaxial transmission line
can be calculated from
Z0 =
1
2pi
√
µ

· ln
(
r2
r1
)
(7)
where r1 is the radius of the inner conductor, r2 is the radius of
the outer conductor, and µ and  are the absolute permeability
and permittivity of the dielectric material, respectively.
To some approximation, an implanted lead wire resembles
a coaxial transmission line but with conductive tissue repre-
senting the outer cylindrical conductor [24]. Modification of
the permittivity and thickness (r2 − r1) of the wire insulation
will have a direct impact on its Z0, and therefore, the amount
of RF energy that is coupled to the implant lead wire.
A. Permittivity
Simulations of the two-dimensional model over a range of
insulation permittivities yielded the result in figure 14. The
wavelength in each sweep is normalised to:
λPr =

0.63 m, r = 2.54
0.50 m, r = 5
0.39 m, r = 10
0.28 m, r = 80
Due to long computation times, three-dimensional simu-
lations of ∆T near the distal electrode at t = 15 min were
performed only at the worst and best-case wire lengths. The
values are overlaid on the same figure. Despite the consid-
erable reduction in heating at higher permittivity values, the
improvement is still not quite enough, even when r has an
impractical value of 80.
B. Thickness
A similar result can be found when sweeping the insulation
thickness as shown in figure 15. The wavelength in each sweep
Fig. 14. Average E-field at the distal electrode for various insulation
permittivities when ti = 315 µm. The overlaid values for ∆T were derived
using the three-dimensional model. The length of the wire is normalised to
stated values.
Fig. 15. Average E-field at the distal electrode for various thickness of
insulation when r = 2.54. The overlaid values for ∆T were derived using
the three-dimensional model. The length of the wire is normalised to stated
values.
is normalised to:
λPti =

0.115 m, ti = 10 µm
0.165 m, ti = 75 µm
0.195 m, ti = 150 µm
0.240 m, ti = 315 µm
It can be seen that by decreasing the thickness of the
insulation, heating can be reduced significantly. Again, modi-
fying the thickness parameter alone is unlikely to reduce the
heating to safe levels, especially when the thickness becomes
impractically small.
VII. CONCLUSION
When an insulated wire of sufficient length is embedded
within conductive tissue and subject to MRI, it essentially
becomes a dipole antenna, absorbing RF energy and heating
the distal electrode and surrounding tissue to unacceptable
levels. We have shown that a resistance of 1.23 kΩ/m is
sufficient to reduce distal heating to a safe level for SCS,
where implant manufacturers would like a resistance of less
than 50 Ω/m for power consumption reasons. We have also
shown that it is impractical to rely on the skin effect to give
this combination of resistances in a 3 T machine. Either a thin
or very high dielectric insulation could significantly reduce
distal heating but may not be viable through considerations
of reliability and patient safety. It may be possible that a
combination of these design solutions could achieve an MRI-
safe neuro-stimulator lead wire.
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APPENDIX
TABLE I. 3D MODEL PARAMETERS.
Parameter Assignment
rb 0.3 m
lb 0.6 m
Material PEC
Birdcage antenna Nrung 16
[14] wrung 6 mm
f 128 MHz
∆φ 22.5 ◦
wp 0.42 m
lp 1.2 m
hp 0.09 m
(xp, yp, zp) Centered within antenna
Phantom rp 80
[15], [20] µrp 1
σp (optional) 0.47 S/m
ρp 1000 kg/m3
Cpp 4150 J/(kg K)
kp 0.6 W/mK
Tb 37
◦C
Blood perfusion Cb 4180 J/(kg K)
(optional) ωb 6.4× 10−3 (1/s)
[21] ρb 1000 kg/m3
Qmet 0 W/m3
rw 0.35 mm
Implant wire3 lw Variable
(Platinum) (xw, yw, zw) (0.16 m, 0, 0)
[2] Bound. mesh tbw δPt/4
Bound. mesh Nbw 20
ti 0.315 mm
li lw − 6 mm
Implant insulation ri 2.54
(optional) µri 1
[2], [22] σi 4.7× 10−4 S/m
cpi 1760 J/(kg K)
rv 6 mm
Virtual domain lv 12 mm
(xv, yv, zv) Centered about tip face
Perfectly matched layer Inner radius 2.0λ0/4
(PML) [23] Outer radius 2.5λ0/4
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